ABSTRACT: The process of converting structural models derived from singlecrystal X-ray diffraction experiments into physical models for the purposes of visualization/communication and collaboration by the use of three-dimensional (3D) printing techniques is described. Digital information regarding the relative positioning of atoms in a crystal structure is translated, using a suite of computer programs, into a 3D computer model of a solid form, corresponding to that information which can then be saved in a file format for 3D printing. These files are then used to produce to-scale physical models of the structural information using two different 3D printing methodologies.
Three-dimensional (3D) printing (i.e., the production of a physical three-dimensional model based on a corresponding digital model file via an additive process), 1 is an increasingly common mode of manufacturing. Whereas once this technique was confined only to industrial settings where specific components would be rapidly prototyped prior to large scale manufacturing, 2 in the last two decades the increasing availability and affordability of 3D printing technologies has led to a rapid expansion of this approach to modeling into previously unexploited areas. As such, 3D printing and 3D-printing-inspired methodologies are increasingly being used in the scientific community to facilitate studies on areas ranging from biomimetic microvascular systems, 3,4 tissue growth scaffolds, 5−8 electronic 9 and pneumatic devices, 10−12 and the production of functional devices in laboratory settings. 13−16 In the Cronin group, we have been developing the concept of reactionware, where 3D printing techniques are employed to produce bespoke reactors in which the outcome of reactions or sequences of reactions can be controlled by the geometry and orientation of the printed devices, 17 allowing complex reactors to be produced explicitly for specific experimental requirements (see Figure 1 ). 18−21 Parallel to this development of 3D printing methodologies in the physical and biological sciences, 3D printing is increasingly being used in education 22, 23 and for medical 24 or forensic 25 imaging data, enabling the representation of complex data in a physical way, which is intuitive but retains key attributes (e.g., scale, connectivity) of the original structures so as to give insights into the generation and utilization of such data. The use of physical models of chemical systems has a long history, dating back to the first attempts at understanding the structural nature of chemistry, with the first use of such models in public lectures credited to Hofmann in the 1860s. These models rapidly developed in sophistication and theoretical utility, with the use of hard spheres to demonstrate close packing of atoms in simple crystal structures, the creation of ball-and-stick type models to emphasize the importance of stereochemistry in understanding organic reactivity and the development by Corey, Pauling, and Koltun of spherical models (CPK models), 26, 27 where the radii of the component spheres were proportional to the atomic radii being represented. Each of these developments was used to intuitively illustrate different facets of the structural arrangement of atoms in the chemical world (see Figure 2) . The use of molecular models, however, goes beyond mere visual representation and education; they have played a pivotal role in the development of a number of structural theories, most famously in the use of a skeleton type model set by Watson and Crick to elucidate the double helical structure of the DNA molecule. 28 In recent decades, the exponentially increasing processing power of computers has meant the translation of these traditionally physical objects into (usually) two-dimensional (2D) rotatable screen representations of chemical structures. Similarly, the use of computer technology in the solution and refinement of single crystal and powder X-ray diffraction experiments has meant that these 2D computer representations are based on the physical data of a specific system rather than averaged or ideal bond lengths, giving a more accurate reflection of the particular system being modeled. While this is, in some senses, an advance on the physical models used previously, it loses the instinctive recognition of 3D ordering, which can be gained from real-world physical models. Herein, we present the use of a suite of software in conjunction with a number of 3D printing platforms to translate crystallographically derived structural information on inorganic metal-oxide clusters into to-scale physical models.
X-ray crystallography represents the best tool which chemists have for understanding the structure of chemical systems in the solid state, since it can reveal the particular arrangement of molecules and their connections at an atomic level. It can clearly show how each atom connects to others and the coordination geometry of metal atoms, along with the bond lengths and bond angles in an individual crystal. With the widespread adoption of X-ray crystallography as a routine tool for probing solid state systems, the number of crystal structures produced and catalogued worldwide has increased dramatically in the last few decades, with the number of submissions to the Cambridge Structural Database increasing year after year since its foundation (see Figure 3) . In research groups which specialize in the synthesis or properties of solid state materials, an intuitive understanding of the 3D arrangement of these systems is an invaluable tool for analysis and discussion.
The files produced by X-ray crystallographic experiments are most often in the IUCr standard CIF (crystallographic information file) 30 format, which contains positional and bonding information for all the atoms present in the unit cell of a particular system as well as all the symmetry operations necessary to generate the full structure. However, for the purposes of the creation of physical models, any file which contains relevant structural information could be used, such as the .res files of SHELX refinements, 31 allowing models of intermediates in the refinement of crystal structures to be produced. The key step in translating the structural information present in these files into 3D printed objects is the creation of digital models, which accurately reflect the data as a 3D representation which suits the purposes of the model (i.e., ball and stick), CPK, or skeleton structures. To achieve this translation, we use a program called Blender. Blender is a free, open-source 3D modeling program available for Windows, Mac OS X, and Linux. While initially created as an in-house program for an animation studio, its open-source community-driven development has led to it offering a number of very specific features for users outside the mainstream animation world. One of these is the Atomic Blender add-on, which comes as part of the basic package and gives the ability to import crystallographic data through the protein data bank (.pdb) 32 file format, which is available as an export option for most crystallography software. This allows accurate representations of molecular structures to be included in complex images and animations, and there are a number of examples where this method has been used to produce high-quality cover images, 33, 34 figures, 35 and animations 36, 37 for journals and presentations. The Atomic Blender add-on allows space filling, ball-and-stick, and skeleton models to be created using the information on position, atom identity, and connectivity stored in the.pdb files. It is important that the .pdb files contain all this information and best that it only contain information for the section of the crystal structure that is to be printed, which can easily be achieved by opening the original file in the Mercury crystallography program, editing it to remove everything but the desired section (a single molecule, for example), and exporting it as a .pdb file. We have found that Mercury is the best option among widely used crystallographic software as it only saves data on the visible portion of the crystal structure and saves all visible connectivity data in the .pdb format, which is not the case for a number of other crystallography programs. It would also be possible to create a model of an extended region of a crystal structure by saving the desired packing representation in the .pdb format, importing that file into Blender and editing the resulting model to fit the desired physical outcome.
Once the file has been imported into Blender, a number of options are available for the scaling and representation of the atoms and bonds in the structure. At this point, the file is best viewed as a digital representation of the physical model which is to be produced during the 3D printing process, and as such the model style should be adjusted to best represent the structural features which are to be highlighted. Once the best embodiment of the data has been decided upon, this can then be exported from Blender as an .stl (stereolithography) file. This is a file format which describes a surface geometry as a mesh of triangular surfaces based on 3D coordinates of vertices. This surface mesh has a defined interior and exterior, allowing the 3D printer compiling software to recognize the information within as a solid object. As a result of this process, the length scale of the crystallographic structure file, which is usually defined in angstroms (10 −10 m) is lost, and the information is preserved as arbitrary units, defined as Blender units in the virtual 3D environment of Blender. Upon exporting as the final .stl file, these arbitrary units are converted into mm (10 −3 m), giving a native scaling of 1:10
7 . This CAD model can then be scaled as required to give an appropriately sized physical model.
Once the structure has been saved as a .stl file, it can be imported into one of several 3D printer-specific software packages in order to generate an instruction file for that specific 3D printer (see Figure 4) . As the 3D printing is a layer−by− layer additive fabrication process, these files generally consist of patterns of material to be deposited for each successive layer of the final model. The particular details of these layer instructions will vary depending on the material substrate being used in the printer.
The 3D printers used in this work represent a mixture of 3D printing platforms which work on different principles (see Figure 5 ). First, there are a number of fused deposition modeling (FDM)-type 3D printers (Reprap, 38 3DTouch, 39 and Ultimaker 40 ), whereby heated extrusion nozzles mounted on carriages which are motile in one or more axis is used to melt a thermopolymer substrate and deposit this substrate in patterns on successive layers, as described by the printing instructions generated from the .stl file. The substrates used for this category of 3D printer are generally thermopolymers, which have melting points in the region from 150°C to 250°C, to allow for ease of processing while also possessing a relatively low glass transition temperature so as to retain structural rigidity at ambient temperatures. For this work, the main substrates used for FDM printing were polylactic acid (PLA) and polyethylene terephthalate (PET), both of which have properties which make them suitable for FDM 3D printing. The second 3D printing platform used (Form1) is based on a stereolithographic approach, where directed laser light is used to selectively polymerize successive layers of a methacrylatebased photopolymer to generate similar patterns to those produced in FDM type printing
To illustrate the advantages of 3D-printed molecular models based on crystallographic data over two-dimensional representations of such data, we will use the structures of two representation which can clearly show this arrangement, whereas a 3D model, which can be handled and rotated in real space, easily illustrates these features. Although this perpendicular assembly is not very common in inorganic chemistry, it occurs in this molecule, and a 3D model is more convenient for understanding its symmetry and character.
In conclusion, we have demonstrated a process whereby crystallographic structure data can be converted into a 3D CAD model of the represented data in various styles of visualization using freely available software packages. This data could then be physically realized by 3D printing approaches, using a number of 3D printing platforms to produce scale models of the chemical structures for the purposes of more intuitive understanding of the three-dimensional arrangement and connectivity of atoms in complex structures. We think that the ability to 3D print complex molecular, macromolecular, and even biological models and supramolecular architectures not only will be a useful teaching tool but also will be very helpful in developing understanding of molecular structures and effective collaboration. In our group, we are starting to 3D print our own library of super-and supra-molecular molecules as well as separate building blocks that can be user-assembled into the overall structures. In the future, we will explore the development of image recognition with 3D systems such as the Microsoft Kinect system, allowing the 3D recognition of molecules by the computer of the specific molecule and open up a modeling program with the correct coordinates from a database. Such tools therefore will serve to blur the current barrier between the virtual and the real world and will only benefit the researcher.
Crystallographic information, full description of the file conversion process, and the materials used for individual 3D printers. This material is available free of charge via the Internet at http://pubs.acs.org.
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